Nonlinear analysis of green house systems  by Mahmoud, Ashraf Mohamed
Ain Shams Engineering Journal (2012) 3, 333–348Ain Shams University
Ain Shams Engineering Journal
www.elsevier.com/locate/asej
www.sciencedirect.comCIVIL ENGINEERINGNonlinear analysis of green house systemsAshraf Mohamed Mahmoud *Department of Civil Engineering, Faculty of Engineering, Modern University for Technology and Information, Cairo, EgyptReceived 9 August 2011; revised 6 March 2012; accepted 10 April 2012
Available online 31 May 201220
ht
*
St
+
E-
U
Pe
UKEYWORDS
Energy minimization;
Cable truss;
Green house;
Displacements;
Forces;
Wind pressure90-4479  2012 Ain Shams
tp://dx.doi.org/10.1016/j.asej
Address: 5-Elkaem Makam
reet, Nozha, Flat No. 4, Floo
20 2 0100 5466 324.
mail address: ashraf_amin78
RL: http://www.mti.edu.eg.
er review under responsibility
niversity
Production anUniversit
.2012.04.0
khedr kh
r No. 2,
@yahoo.
of Facu
d hostinAbstract A numerical procedure based on energy minimization has been extended herein to analyze
a system of two dimensional cable trusses called green houses. The joint displacements and member
forces results are obtained and compared with a ﬁnite element computer program and previously
published thesis. This study was done on three cases of span lengths. It was found that the effect
of increasing the pylon height (H) on the displacements and member forces is less than the case when
reducing the value of (H). It was found also that the choice of the span length L= 16 m is more pref-
erable than the others, because the rate of change of displacements and end forces was minimal com-
pared with the others. It was also observed that when the number of spans is increased, the effect of
the variation of the pylon height on the cable truss total weight will be vanished.
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High tensile steel cables have made it possible to develop
suspension structures where increases in spans and decreases
in material weight and costs are achieved. This suspension
structures are considered one of the cheapest systems of struc-
tures especially for supporting long spans. These structures are
used to provide large unobstructed areas required for green
houses which are suitable to provide large volume of air to
control humidity and temperature and also provide better
overall light transmission as there are nothing to screen or stop
light, which are suitable for the production of crops. The
advantages of the construction of the green houses is to cover
a large area of crops without interior columns permitting suf-
ﬁcient clear heights for mechanical tools used in agriculture,
and reducing the construction costs as observed in Guo et al.
[1], Jeff [2], Kloiber et al. [3], Saafan et al. [4–6] and Abd-Elh-
akim [7].
There are two different systems of suspension structures
suitable for the green houses. The ﬁrst is called cable truss
structure system as shown in Fig. 1, while the other is called
hyperbolic parboloid suspension roof as indicated in Fig. 2.
The ﬁrst system is discussed and considered in this study.
The objective of this work is to present a nonlinear analysis
of green house systems using the energy minimization as
illustrated by Buchholdt [8], Buchholdt and Moossavinejad
[9], Buchholdt and McMillan [10], Buchholdt et al. [11],
Fletcher and Reeves [12], Hestenes and Stiefel [13], and the sta-
bility ﬁnite deﬂection theory. This depends on minimizing the
total potential energy of the structure by using the conjugate
gradient method in conjunction with Newton Raphson itera-
tion scheme to satisfy the required joint equilibrium condition.
The results of deformations and member forces taking into
account the variation of the tower height, the variation of
the number of spans, and the wind effect, are presented and
discussed under several cases of loadings as reported by
Abd-Elhakim [7], Hung [14], Jeff [15], Pakrastinsh et al. [16].
2. Proposed method of analysis
A numerical procedure is used for the static analysis of nonlin-
ear two-dimensional structures containing cable and beam
elements such as suspension structures, including geometricand material nonlinearities. The procedure is based on energy
minimization and is extended to include two-dimensional
green houses systems. This analysis is based on minimizing
the total potential energy of the structure, using the New-
ton–Raphson iteration scheme to satisfy the required joint
equilibrium conditions.
Fig. 2 General layout of hyperbolic parboloid roof.
Nonlinear analysis of green house systems 3352.1. Assumptions
1. Cable cannot resist bending.
2. Segments of cables between nodes are straight and loads are
applied at joints or points of intersection of cables.
3. Movements of ﬂexural members are sufﬁciently small so
that they behave linearly.
4. All stresses in ﬂexural members follow Hooke’s law, and
members have uniform cross sections.
The displacements at the end of the member [u] in the de-
formed member axes, can be obtained as follows:
½u ¼ ½T0½X ð1Þ
where [T0] is the transformation matrix for the member and [x]
is the displacement pattern of the structure.
The ﬁnite deﬂection member forces in the member axes [Qu]
can be calculated from the geometrical data by means of the
following relationships:Pu ¼ EAðL L0Þ=L
Mu ¼ ðGJ=L0Þðhu1  hu2Þ
Mm1 ¼ ðEIm=L0Þðsmðhm1 þ UmÞ þ scmðhm2 þ UmÞÞ
Mm2 ¼ ðEIm=L0Þðscmðhm1 þ UmÞ þ smðhm2 þ UmÞÞ
Mw1 ¼ ðEIw=L0Þðswðhw1 þ UwÞ þ scwðhw2 þ UwÞÞ
Mw2 ¼ ðEIw=L0Þðscwðhw1 þ UwÞ þ swðhw2 þ UwÞÞ
Fm1 ¼ Fm2 ¼ ðMw1 þMw2Þ=L0
Fw1 ¼ Fw2 ¼ ðMm1 þMm2Þ=L ð2Þ
where Pu is the axial force, (compression positive), Mv1, Mv2,
Mw1, Mw2 is the bending moment about and w axes at nodes
(1) and (2) respectively, Mu is the torsional moment, Fv1, Fv2,
Fw1, Fw2 is the shear force in the direction of and w axes at
nodes (1) and (2), respectively, E is the Young’s modulus of
the material, G is the shear modulus of the material, Iv, Iw is
the second moment of area about and w axes respectively, L
is the original member length, L0 is the new member length,
J is the Torsional inertia of the section, A is the cable area
ð13Þ
  (b) Global Coordinate System 
  (a) Local Coordinate System 
Fig. 3 Element forces acting on the deformed member.
(a) Coordinates and Force for 
Link jn in a Pre-tensioned but not 
Loaded Cable Assembly.
(b) Coordinates and Force for Link 
jn in a Pre-tensioned and Loaded Cable 
Assembly, at a Stage of the Iterative Process 
where the Extension of Link jn is ejn.
Fig. 4 Coordinates and force for link jn in a pre-tensioned for loaded and not loaded cable assembly.
336 A.M. Mahmoudcross section, sv, scv, sw, scw is the stability functions which are
dependent upon the magnitude of axial force in the member
and used for obtaining the magnitude of the bending
moments about and w axis. These stability functions account
for the loss of stiffness in members due to increased the axial
force. The equations used for the stability functions (s and
sc) has been derived by Livesley and Chandler [17], and its ﬁnal
expressions are as follows:
s ¼ ða2 þ u1ð1 u1ÞÞ=ð1 u1Þ ð3Þ
sc ¼ ðða2  u1ð1 u1ÞÞ=ðða2 þ u1ð1 u1ÞÞ ð4Þ
where
u1 ¼ a cot a ð5Þ
a ¼ ðp=2Þ ﬃﬃﬃqp ð6Þ
q ¼ ðP=PEÞ ð7Þ
in which a is the non-dimensional load parameter, P is the
axial compressive force in a member, and PE is the Euler
critical buckling load for this member.
Note that Uw, Uv = sway angles that are given by the
following expressions:
Uw ¼ sin1fðm2  m1Þ=½L2  ðw2  w1Þ21=2 ð8Þ
Um ¼ sin1fðw2  w1Þ=½L2  ðm2  m1Þ21=2 ð9Þ
and 1, 2, w1, w2, hw1, hw2, hv1, hv2 are the displacements [u]
given by Eq. (1). The element forces acting on a deformedmember are shown in Fig. 3a and b. The small values of the
displacements, Uw, Uv may be written as follows:
Uw ¼ ðm2  m1Þ=L ð10Þ
Um ¼ ðw1  w2Þ=L ð11Þ
The end member forces [Qu] calculated by means of Eq. (2) is
transformed into global coordinates using the transformation
matrix [T0] to get the end member forces [Qx] in the global
systems as shown below:
½Qx ¼ ½T01½Qu ð12Þ
The basic items of the energy minimization method in order to
calculate the displacements and end forces due to the applied
load are as follows:
2.2. Total potential energy of the displacement ﬁeld
The total potential energy W of the structural system is given
by:
W ¼
Xf
n¼1
Uof þ
X12
s¼1
X12
r¼1
ð1=2ÞxsKsrxr þ
X12
s¼1
ðQsÞsxs
( )
n
þ
Xp
n¼1
Uop þ
Z en
0
ðToeþ ðEA=2LoÞ  e2Þde
 
n

XN
n¼1
Fn  xn
Nonlinear analysis of green house systems 337in which To is the initial tension in a cable segment after divid-
ing the cable into a number of truss links as shown in Fig. 4a
and b. Its direction differs from one segment to another
depending on the slope of this segment, e is the elongation
of the cable segment of the divided cable from (X) to
(X+ DX) in the displacement space. Its direction is the same
as the vector (To) as discussed before, Uof is the initial potential
energy of a ﬂexural member, Uop is the initial potential energy
of a cable segment; f is the number of ﬂexural members; p is the
number of pin-jointed members, xs, xf, xn is the elements of the
displacement vector; Fn is the an element in the applied load
vector; N is the total number of degrees of freedom of all
joints, Qx is the ﬁnite deﬂection member forces in global coor-
dinates at X, and Ksr is the an element of the stiffness matrix in
global coordinates of the ﬂexural member. The tangent stiff-
ness matrix consists of the following parts for each member
[Ksr] = [Ks] + [KG], where [Ks] is the elastic stiffness matrix
with consideration for the effect of axial force, and [KG] is
the stiffness matrix due to axial strain and ﬂexural bowing with
consideration for the effect of axial force.
To determine an expression for the elongation ‘‘e’’ of a link
‘‘jn’’; Fig. 4a and b.
L2jno ¼
X3
i¼1
ðXni  XnjÞ2 ð14Þ
ðLjno þ ejnÞ2 ¼
X3
i¼1
ðXni þ xni  Xji  xjiÞ2 ð15Þ
Subtracting Eq. (15) from Eq. (14):
2Ljnoejn þ e2jn ¼
X3
i¼1
ð2ðXni  XjiÞ þ ðxni  xjiÞ2Þ ð16Þ
since the term e2jn/2L is very small, thus:
ejn ¼ ½1=Ljno
X3
i¼1
fðXni  XjiÞðxni  xjiÞ þ 1=2ðxni  xjiÞ2g ð17Þ
in which Ljn represents the length of a cable segment after
dividing the cable into a number of truss links.
2.3. Gradient vector of the total potential energy
The expression of the sth element in the gradient vector ‘‘g’’ of
the total potential energy can be obtained as follows:
gs ¼
Xfi
n¼1
X12
r¼1
ðKsrxrÞ þQxs
" #
n
þ
Xpi
n¼1
½To þ ðEA=LoÞen@en=@xFs
ð18Þ
where ﬁ and pi are the numbers of the ﬂexural members and
cable links respectively, which meet at joint ‘‘i’’.
2.4. Minimization of the total potential energy
The efﬁciency of the minimization is judged by both the time
needed to evaluate the energy expression and the number of
structural adjustments (iterations) needed to convergence to
the minimum. Two iterative methods are given in the follow-
ing. Each method is based on the knowledge of the gradient
vector of the total potential energy ‘‘W’’ at the beginning of
each iteration.2.4.1. Steepest decent method
It is an iterative procedure which requires the choice of starting
point ‘‘xo’’ and a set of decent vector ‘‘vk’’ to minimize the total
potential energy, one should move in direction vector ‘‘vk’’ a
distance ‘‘skvk’’ until the minimum value of ‘‘W’’ is reached
in this direction, then the next improved displacement vector
is given by the following equation:
xkþ1 ¼ xk þ Sk  mk ð19Þ
where
mk ¼ gk ð20Þ
where gk = dW/dx is the gradient that represents the force
vector required to maintain an assembly in equilibrium in
the displacement space ‘‘x’’.
The decent vector at the (k+ 1)th iteration is therefore
determined as:
mkþ1 ¼ gkþ1 þ bmk ð21Þ
The most commonly used expression for b is given by Hestenes
and Stiefel [13], and further stated by Fletcher and Reeves [12],
as:
b ¼ gTkþ1gkþ1=gTk gk
  ð22Þ
and then
xkþ1 ¼
Xk
I¼0
hsimi ð23Þ
where h is a variable having a value less than one and greater
than zero to reduce the number of iterations.
2.4.2. Conjugate gradient method
This method is more powerful in minimizing the total potential
energy, and gives much faster convergence than the steepest
decent method. In this method, the steepest decent vector at
the beginning of each step is modiﬁed by knowing the same
vector in the previous iteration.
Minimization takes place along conjugate vectors ‘‘v’’
where
mo ¼ go ð24Þ
and then
mk ¼ gk þ Bk1:mk1 ð25Þ
Hestenes and Stiefel [13] used the following expression for
Bk1:
Bk1 ¼ gTk ðgk  gk1Þ=ðmTk1:ðgk  gk1ÞÞ ð26Þ
Fletcher and Reeves [12] assumed the expression for Bk1 as
follows:
Bk1 ¼ gTk  gk=ðgTk1  gk1Þ ð27Þ2.5. An expression of the step length ‘‘S’’
The value of ‘‘S’’ can be found from the condition that:
dW=dS ¼ 0 ð28Þ
using Newton’s approximate formula, the step length ‘‘S’’ can
be calculated and related to the following equation:
338 A.M. MahmoudSiþ1 ¼ Si  ðð4C4S3i þ 3C3S2i þ 2C2Si þ C1Þ=
ð12C4S3i þ 6C3Si þ 2C2ÞÞ ð29Þ
where ‘‘i’’ an iteration sufﬁx and the initial value of ‘‘S’’ is ta-
ken as zero, and,
C4 ¼
Xp
n¼1
ðEAa23=ð2L3oÞÞn
C3 ¼
Xp
n¼1
ðEAa2a3=L3oÞn
C2 ¼
Xp
n¼1
ðtoa3 þ ðEAða22 þ 2a1a2Þ=ð2L3oÞÞn
þ
Xf
n¼1
X12
s¼1
X12
r¼1
ð1=2msKsrrÞn
C1 ¼
Xp
n¼1
ðtoa2 þ EAa1a2=L3oÞn þ
Xf
n¼1
X12
s¼1
X12
r¼1
ðxsKsrmrÞn
þ
Xf
n¼1
X12
S¼1
ðQxs  msÞn 
XN
n¼1
Fn  mn ð30Þ
a1 ¼
X3
i¼1
ðXni  XjiÞ þ 1=2ðxni  xjiÞÞðXji  xjiÞ
a2 ¼
X3
i¼1
ðXni  XjiÞ þ 1=2ðxni  xjiÞÞðmnimjiÞ
a3 ¼
X3
i¼1
1=2ðmni  mjiÞ2 ð31Þ2.6. Modiﬁcation of the gradient vector of the total potential
energy
For enhancing the gradient vector of the total potential energy
obtained from Eq. (18) and including the tension coefﬁcient of
the cable force (tjn) and the coordinates of the cable nodes, Eq.
(15) must be differentiated with respect to xs, this yields to the
following equation:
2ðLjno þ ejnÞ  ð@ejn=xsÞ ¼ 2ðXni þ xni  Xji  xjiÞ ð32Þ
since xs = xij,
hence; @ejn=@xs ¼ ð1=LjnoÞ:ðXni þ xni  Xji  xjiÞ ð33Þ
Substituting for (oejn/oxs) into Eq. (18) yields the following
expression for the sth element in g:
gs ¼
Xfi
n¼1
X12
r¼1
ððKsrÞxr þ ðQsÞÞn 
Xpi
n¼1
ðtjnðXni þ xni  Xji
þ xjiÞÞ  Fs ð34Þ
where ﬁ and pi are the numbers of the ﬂexural members and
cable links respectively, which meet at joint ‘‘i’’ as the same
in Eq. (18).
where tjn ¼ ½Tjno þ ðEA=LjnoÞ  ejn=Ljno ð35Þ
is the tension coefﬁcient of the force in the cable segment jn;
Fig. 4a and b.The expression for the tension coefﬁcient at stage (k+ 1) is
calculated as:
tjn ¼ ½tjno þ ðEA=L3jnoÞ  ða1 þ a2Sþ a3SÞjn ð36Þ
where a1, a2, and a3 are given by Eq. (31).
2.7. Numerical ill-conditioning and scaling
The numerical ill-conditioning is caused by a large variation in
the dimensional entries of the stiffness matrix, particularly
when there are great differences in the numerical values along
the leading diagonal. The variation in the relative magnitudes
of the elements may be due to the inclusion of different types
of members, member sizes, elastic modulus, and the units used.
This problem can be overcome by the introduction of a diag-
onal scaling matrix H, as
H ¼ diag½K1=211 ; . . . ;K1=2ii ; . . . ;K1=2nn  ð37Þ
where Kii is the ith element along the leading diagonal of the
stiffness matrix.
The elements in H are infused in the expression for the total
potential energy by replacing the displacement vector ‘‘x’’ by:
x ¼ H  u ð38Þ
where u is the generalized displacement vector.
By writing
H HT ¼ KA ð39Þ
The following iterative scheme is obtained:
xkþ1 ¼ xk þ Sk  mk ð40Þ
mo ¼ go ð41Þ
and
mk ¼ Hgk þ ðgTkKAðgk  gk1Þ=ðgTk1KAgk1ÞÞ  mk1 ð42Þ2.8. Convergence criteria
It is assumed that convergence has been achieved when the
norm of the gradient vector is:
Rk ¼ ðgTk  gkÞ1=2 ð43Þ
Sufﬁcient accuracy is usually achieved when Rk is reduced to a
certain percentage of its initial value (between 0.0% and 0.1%
of Rk).
The ratio of the incremental displacement Dxi and the cor-
responding total displacement, xi, must be less than a given
percentage e.
Xn
i¼1
ðDxiÞ=
Xn
i¼1
ðxiÞ2


1=2
 e ð44Þ2.9. Step by step procedure for the method of analysis
The main steps in the iterative process required to achieve
structural equilibrium by minimization of the total potential
energy, may be summarized as follows:
(a) Plan of suspension roof, Ex.(1). (b) 3-Dimension of suspension roof, Ex.(1).
Fig. 5 Suspension roof geometry, example 1.
Table 1 Displacements of joints 1, 2, 3 and 4, example 1.
Displacement
direction
Author
(m)
SAP
2000 (m)
Saafan
[17] (m)
Diﬀerence
(Author – SAP 2000) (%)
X-direction 0.0415 0.0405 0.0404 2.50
Y-direction 0.0415 0.0405 0.0404 2.50
Z-direction 0.4602 0.4494 0.4483 2.40
(a) Geometry of cable truss type (A)
:Load values
   a. D.L. = 2.19 kN/m' 
   b. L.L. = 5.28 kN/m' 
Nonlinear analysis of green house systems 3391. Calculate the scaling matrix, Eq. (37).
2. Calculate the element in the gradient vector of the total
potential energy using Eq. (34).
3. Calculate the norm of the gradient vector, Rk, using Eq.
(43).
4. If Rk is less than a predetermined value, or less than a
percentage of the norm of the ﬁrst gradient, go to step
(12), otherwise, continue with step (5).
5. Calculate the element of the decent vector v using Eq.
(42). In the ﬁrst iteration, if the method of conjugate
gradients is used, o = Hg.
6. Calculate the parameters a1, a2 and a3 from Eq. (31).
7. Calculate the coefﬁcients C4 to C1 from Eq. (30).
8. Calculate the step length S using Eq. (29).
9. Calculate xk+1 from Eq. (19)
10. Determine the new forces in link members from Eq. (36).
11. Return to step 2 for the next iteration.
12. Calculate the ﬁnal displacement, where xk+1 = xk +
Skvk if the ratio of the norm, Eq. (44), is less than a
predetermined value, go to step (17); otherwise, go to
step (13).
13. Determine the new coordinates of the structure.
14. For the ﬂexural elements, calculate the ﬁnite deﬂection
member forces [Qu] from Eq. (2) and transform them
to the global axes using Eq. (12).
15. For each of the ﬂexural elements, update the tangent
stiffness matrix [K] using the stability functions.
16. Go to step 1.
17. Print the ﬁnal displacements and the member forces.(b) Geometry of cable truss type (B)
Fig. 6 Geometry and cases of loadings of cable trusses type (A)
and (B), example 2.3. Veriﬁcation of the minimization of energy technique
3.1. Example 1
The suspension roof shown in Fig. 5a and b comprises wire
ropes of a cross section area of 1.465 cm2. The modulus of
elasticity of 8.276 · 107 kN/m2. A vertical load of 35.59 kN is
applied at joints 1, 2, 3, and 4. the supports are ﬁxed ends at
the same level. The prestressing force in the inclined cables is
23.687 kN, and in the horizontal cables is 24.283 kN. The
own weight of the cables is 0.6896 kN/m2. The value of the
vertical deﬂection f is equal to 9.144 m.The nonlinear static analysis was done and the results are
obtained by:
1. Saafan [18], using ﬁnite deﬂection theory.
2. The analysis of the program SAP 2000 ver. (11.08), using
ﬁnite element method.
Table 2 Member properties for cable trusses types A and B, example 2.
Truss
type
Cross section area (A) (cm2) Prestress (H\) (kN) Young’s modulus (E)
(kN/m2)
Load (kN/m2)
Upper
cable
(cm2)
Lower
cable
(cm2)
Hangers
(cm2)
Upper
cable
(kN)
Lower
cable
(kN)
Main cables
(kN/cm2)
Hangers
(kN/cm2)
Dead load
(kN/m2)
Live load
(kN/m2)
A 25.1 17.2 2.84 460.01 560.99 15,000 15,000 2.19 5.28
B 25.1 17.2 2.84 460.01 560.99 15,000 15,000 2.19 5.28
Table 3 Comparison between the vertical displacements and end forces values for cable truss type (A), example 2.
Load case Load case (1) Load case (2) Load case (3)
Joint SAP prog. Author Abd-Elhakim [7] SAP prog. Author Abd-Elhakim [7] SAP prog. Author Abd-Elhakim [7]
Vertical displacements (cm)
5 7.22 7.22 9.11 18.45 18.41 16.60 29.60 29.62 30.13
11 12.91 12.98 14.42 28.53 28.59 29.71 47.25 47.33 47.79
16 13.13 13.15 12.07 61.35 61.36 60.26 40.23 40.27 39.98
Cable, member forces (kN)
1–3 695.3 695.8 696.5 1017.6 1018.1 1014.0 1242.3 1243.1 1242.0
20–22 441.6 442.0 447.3 373.5 373.9 374.1 175.1 176.2 179.5
13–14 19.6 19.7 26.2 10.8 10.8 38.3 7.6 7.7 36.3
Table 4 Comparison between the vertical displacements and end forces values for cable truss type (B), example (2).
Load case Load case (1) Load case (2) Load case (3)
Joint SAP prog. Author Abd-Elhakim [7] SAP prog. Author Abd-Elhakim [7] SAP prog. Author Abd-Elhakim [7]
Vertical displacements (cm)
5 5.05 4.47 4.49 2.25 1.68 1.68 15.65 14.87 14.83
11 13.85 14.01 14.49 30.77 30.97 31.24 47.64 47.85 47.94
16 13.29 13.41 13.11 40.10 40.24 40.24 43.39 43.55 43.28
Cable, member forces (kN)
1–3 697.0 696.9 697.1 819.3 819.7 819.7 1243.7 1244.2 1243.1
20–22 445.3 446.0 447.7 162.2 163.3 164.8 178.0 179.3 181.1
13–14 21.2 21.2 31.1 6.5 6.4 41.7 7.9 8.0 43.2
340 A.M. Mahmoud3. The author, using the energy minimization method.
An acceptable comparison for the displacements values be-
tween the energy method (author) and the others has been
illustrated as shown in Table 1.
3.2. Example 2
A cable truss system, has upper and lower cables connected at
their center, with vertical diaphragm members and used to cov-
er areas about 30 m2. The used span is a single span equal to
80.0 m. The cable trusses are placed at spacing 4.0 m. Two
truss types are chosen named A and B; Fig. 6a and b. The pre-
stressing forces in cables, the properties of members and
cables. The values of the uniformly distributed dead and live
loads which are used in this example are indicated in Table 2
as follows:
a. the value of the dead load (D.L.) = 2.19 kN/m0,
b. the value of the live load (L.L.) = 5.28 kN/m0.The different cases of loading for these cable trusses, used
in this example, are shown clearly in Fig. 6a and b.
The uniformly distributed load was replaced by equivalent
concentrated loads applied at joints, and the joints along the
main cable are on the second degree parabola in the initial pre-
stressed state.
The output results of this study such as the vertical dis-
placements at truss joints and the member forces – using
energy minimization technique – are listed and compared with:
a. The results for a previous published Abd-ElHakim [7].
b. The results of a computer program based on the ﬁnite
element method.
These output comparisons are listed in Table 3 for truss
type (A), and Table 4 for truss type (B). The above results
show an acceptable comparison between the results of the en-
ergy method (author) and the others when used in the analysis
of the cable truss systems.
Load values:
a.  D.L. = 0.26 kN/m'. 
  b.  L.L. = 2.24 kN/m'. 
  c.  P1    = 2.04 kN. 
  d.  P2    = 6.00 kN. 
  e.  P3    = 1.30 kN. 
  f.   P4    = 3.70 kN. 
(d) Four spans, seven cases of  loading,  truss type (E).
(c) Triple span, five cases of  loading,  truss type (E).
(b) Double span, four cases of  loading,  truss type (E).(a) Single span, three cases of loading,  truss type (E). 
Fig. 7 Geometry and cases of loading of cable truss type (E) with different span number.
Nonlinear analysis of green house systems 3414. Parametric study: applications to green house systems
The aim of the design of the cable systems, such as green house
systems, is to ﬁnd a combination of cable curvatures having
cable properties and prestressing forces that satisfy the follow-
ing criteria:
1. The maximum vertical displacement at service load must
not be greater than a speciﬁed values.
2. The suspension cable must have an adequate reserve of
strength, e.g., not less than the tensile force which would
be developed by the combined action of the prestressed
force and an ultimate external load = 2.5 (D.L. + L.L.).
3. The prestressing cables must also have an adequate strength
and should preferably transmit a small residual tensile force
st the factored load.
The values of the uniformly distributed dead and live loads
and the concentrated horizontal wind loads which are used in
this parametric study are illustrated bellow as shown in Fig. 7:
a. the value of the dead load (D.L.) = 0.26 kN/m0,
b. the value of the live load (L.L.) = 2.24 kN/m0,
c. the value of the horizontal concentrated load
P1 = 2.04 kN,
d. the value of the horizontal concentrated load
P2 = 6.00 kN,
e. the value of the horizontal concentrated load
P3 = 1.30 kN,
f. the value of the horizontal concentrated load
P4 = 3.70 kN.From the nature of cable systems, they are incapable of car-
rying compressive stresses, i.e. the cable element will become
slack if subjected to a compressive force. This will cause large
local deformations or sharp changes in slope. Therefore, the
cable systems are generally designed, through the introduction
of prestressing, to ensure that the system remains under ten-
sion under worst condition of loading. As a result, the only
type of force to be considered in the analysis of cable systems
is axial tension taking into account the economy of the struc-
ture which depends on the value of the prestressing force. So, a
few cable elements could be permitted to become slack under
service loads, which may be expected to occur only rarely. This
may be done after making certain that the overall stability of
the system will not be affected as indicated by Buchholdt
[19,20], Dai and Gasparini [21] and Saafan [22].
The cable truss system has the cables connected at the cen-
ter, with vertical diaphragm members. This truss may be used
to provide the necessary artiﬁcial environment for the produc-
tion of crops for which the climate is unsuited. These systems
are known under a generic name as glass houses or green
houses which can be single-span or multi-span.
The single-span can cover an area as wide as 30 m. This can
be advantageous in providing a large volume of air above the
crops which is better suited to absorb changes in humidity and
temperature. Also, it can offer better overall light transmission
than the multi-span. The better sag-span ratio in cable truss
system usually varies on an average between 1:15 and 1:25.
as observed by Guy and Tinari [23].
In the following numerical example, a cable truss system is
chosen, named (E) as shown in Fig. 7a–d. Three values of the
Table 5 Span and height dimensions for cable truss type (E).
L (m) h1 = H (m) h2 (m) S (m)
16 1.0 0.82 2.0
24 1.5 1.23 3.0
32 2.0 1.64 3.0
Table 6 Member properties for cable truss type (E).
Truss
type
Item Cross section
area (A) (cm2)
Young
modulus (E)
(kN/cm2)
Load (kN/m0)
D.L. L.L.
E Upper cable 1.50 15,000 0.26 2.24
Lower cable 1.00 15,000
Struts 0.75 15,000
Long stays 3.00 15,000
Short stays 2.23 15,000
Columns 20.00 15,000
Fig. 8 Initial values of the prestressing forces for cable truss (E),
in kN.
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(c) End forces at member 1-3 for cases of with and 
without wind effect 
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342 A.M. Mahmoudlength (L) have been taken into account and the corresponding
values of the dimensions (h1, h2 and S) are illustrated in Table
5. The study was taken on single, double, Triple and four spans
systems. The span lengths that are taken into consideration are
16 m, 24 m and 32 m. Also, it includes three different values of
the tower height (H) for each span length (L) as follows:
a. For L= 16 m: 1st value of H = 1.0 m.
4
-2
0 H = 1.00 m H = 0.85 m H = 1.15 m2nd value of H = 0.85 · 1.0 = 0.85 m. 1
83rd value of H = 1.15 · 1.0 = 1.15 m.3
be
r Without windeffect
With wind0b. For L= 24 m: 1st value of H = 1.5 m.2
r m
em effect
N
) x
 12nd value of H = 0.85 · 1.5 = 1.28 m.
3rd value of H = 1.15 · 1.5 = 1.73 m.1rc
e 
fo  (kc. For L= 32 m: 1st value of H = 2.0 m.0n
d 
fo2nd value of H = 0.85 · 2.0 = 1.70 m.
3rd value of H = 1.15 · 2.0 = 2.30 m.(d) End forces at member 18-20 for cases of with and 
without wind effect 
Load Case
E 1 2 3 1 2 3 1 2 3
Fig. 9 Vertical displacements for joints 5 and 11 and end forces
for members 1–2 and 18–20 for single span, L= 16 m.The effect of wind pressure according the Egyptian code of
practice, was taken into account as reported by Abd-Elhakim
[7].
The properties such as the cross section area (A), the values
of Young’s modulus of elasticity (E) and the values of dead
and live loads are shown in Table 6. The initial prestressing
forces in cables are illustrated in Fig. 8.
(a) Vertical displacements at joint 5 for cases of with 
and without wind effect  
Cable truss type E, double span, L=16 m
0
2
4
6
8
10
12
14
16
18
20
Load Case
Ve
rt
ic
al
 D
is
pl
ac
em
en
t a
t j
oi
nt
 
Without wind
effect
With wind
effect
(b) Vertical displacements at joint 11 for cases of 
with and without wind effect  
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(c) Vertical displacements at joint 25 for cases of 
with and without wind effect  
Cable truss type E, double span, L=16 m
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(d) Vertical displacements at joint 30 for cases of 
with and without wind effect  
Cable truss type E, double span, L=16 m
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Fig. 10 Vertical displacements for joints 5, 11, 25 and 30 for
double span, L= 16 m.
(a) End forces at member 1-2 for cases of with and 
without wind effect 
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(b) End forces at member 18-20 for cases of with and 
without wind effect  
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(c) End forces at member 21-23  for cases of with and 
without wind effect  
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(d) End forces at member 38-40 for cases of with and 
without wind effect  
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Fig. 11 End forces for members 1–2, 18–20, 21–23 and 38–40 for
double span, L= 16 m. (\) means that this cable has been slacked.
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Fig. 12 The deﬂection patterns of the cable trusses with different number of spans and cases of loading.
344 A.M. MahmoudThe parallel cables trusses are placed at spacing 4.0 m. The
live loads which are acting on a cable structure are mainly
caused by the wind loading and is calculated from the follow-
ing equation using the Egyptian code of practice; Fig. 7a–d.
Pe ¼ CeKqA ð45Þ
where Pe is the external air pressure (kN); Ce is the wind distri-
bution coefﬁcient and 0.8 (for wind pressure), 0.5 (for wind
suction); K is the coefﬁcient depending on the height of the
structure from the ground surface = 1.0; q is the air pressuredepending on the location of the structure = 0.70 kN/m2 for
Cairo, and A is the projected area.
The single span cable truss is analyzed for the following
cases of loading; Fig. 7a
1. Uniformly distributed dead load along the whole span.
2. Dead load along the whole span plus live load on the left
half of the span.
3. Uniformly distributed dead load plus live load along the
whole span.
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Nonlinear analysis of green house systems 345For double, triple and four spans, additional cases of load-
ings are analyzed as shown in Fig. 7b–d.
The uniformly distributed load was replaced by equivalent
concentrated loads applied at joints, and the joints along the
main cable are on the second degree parabola in the initial
prestressed state.
The output results of this study such as the joints vertical
displacements and the end members forces, using energy min-
imization technique, for span length L= 16 m, as an example,
are shown in Fig. 9a–d for single span, and Figs. 10a–11d for
double span.
For triple and four spans with length L= 16 m, and other
span lengths such as L= 24 m and L= 32 m (single, double,
triple and four spans), the researchers can contact with the
author for obtaining the data of these results.
The deﬂection patterns of the cable truss with single, double
and triple spans with different cases of loadings are shown in
Fig. 12a–c. The comparison for the maximum and minimum
values of the vertical displacements and the maximum values
of the forces in each item of the cable truss systems with differ-
ent span numbers and values are listed in Table 7.
The effect of the variation of the cable truss height (H,
±15%) on the values of the weights of cables, weights of the
towers and the total weight of the structure, taking into ac-
count the wind effect, is illustrated in Tables 8 and 9 and Figs.
13 and 14 for span length L= 16 m. For the results of other
spans such as L= 24 m and L= 32 m, the researchers can
contact with the author for obtaining the data of these results.
Note: Figs. 13 and 14 are constructed for different span
lengths as follows:
Column 1. . .For single span,
height H.
Column 7. . .For triple span,
height H.
Column 2. . .For single span,
height 0.15%H.
Column 8. . .For triple span,
height 0.15%H.
Column 3. . .For single span,
height +0.15%H.
Column 9. . .For triple span,
height +0.15%H.
Column 4. . .For Double
span, height H.
Column 10. . .For four spans,
height H.
Column 5. . .Double span,
height 0.15%H.
Column 11. . .For four spans,
height 0.15%H.
Column 6. . .Double span,
height +0.15%H.
Column 12. . .For four spans,
height +0.15%H.5. Remarks and discussion
5.1. The values of displacements and end forces in cables and
pylons obtained from SAP program is less than those obtained
from energy minimization method by values about (1–2%).
5.2.When the value of the pylon height (H) is reduced by 15%, the
following remarks can be obtained for all cases of span length; i.e.,
L= 16 m, 24 m and 32 m.
5.2.1. The variation of the displacements results
5.2.1.1. For single span green house
a. For joint (5), and for load cases (1, 2), the displacements are
increased by a value about (60–70%), while for load case (3), the
displacements are increased by a value about (15–20%).
b. For joint (11), and for load case (1), the displacements are
increased by a value about (60–80%), while for load cases (2,3),
the displacements are increased by a value about (15%).
5.2.1.2. For double span green house
c. The increase in displacements are varied from 20% to 60%
depending on the load case.
5.2.1.3. For triple and four spans green house
d. The increase in displacements varies from 20% to 60%
depending on the load case.
5.2.2. The variation of the end forces results
5.2.2.1. For single, double triple and four spans green houses
a. For the upper cables, the end forces are increased by a value
about (5–8%).
b. For the lower cables, the end forces are decreased by a value
about (7–20%).
5.3. When the value of the pylon height (H) is increased by 15%,
the following remarks can be obtained.
5.3.1. The variation of the displacements results
5.3.1.1. For single span green house
a. For joint (5), and for load cases (1, 2), the displacements are
decreased by a value about (30–50%), while for load case (3), the
displacements are decreased by a value about (8–12%).
b. For joint (11), and for load case (1), the displacements are
decreased by a value about (40–50%), while for load cases (2,3),
the displacements are decreased by a value about (15%).
5.3.1.2. For double span green house
a. The decrease in displacements are varied from 15% to 50%
depending on the load case.
5.3.1.3. For triple and four spans green house
a. The decrease in displacements varies between 10% and 40%
depending on the load case.
5.3.2. The variation of the end forces results
5.3.2.1. For single, double, triple and four spans green house
a. For the upper cables, the end forces are decreased by a value
about (4–7%).
b. For the lower cables, the end forces are increased by a value
about (6–20%).
5.4. It was found from the previous study that the eﬀect of
increasing the pylon height (H) on the displacements and member
forces is less than those for the case of reducing (H).
5.5. The rate of change of displacements and end forces, when the
span length L= 16 m, is less than the cases of L= 24 m, 32 m.
5.6. The eﬀect of change the tower height (H) on the values of the
tower weights has biggest value for the four spans green house,
and has a smallest value for the single span green house.
5.7. The change of the tower height (H) has more eﬀect on the
tower weight values than the values of the total weight of cables
for all span values.
5.8. The diﬀerence in cable weights, when the height (H) varies
about 15% from the original value (either increase or decrease) –
has the biggest value for single span green house, and has the
smallest value for four span green house. i.e., when the No. of
spans are increased, the diﬀerence in cable weights with the
variation of pylon height (H) nearly vanishes.
5.9. The eﬀect of wind on the values of cable or pylon weights is
negligible for any value of span length.
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le6. Summary and conclusions
A complete nonlinear analysis of several types of two dimen-
sional cable truss systems, used as a green house, is produced
using the energy minimization method. The vertical displace-
Table 9 Comparison between the weights of the green house elements (kN) due to the variation of tower height (±15%), case of with
wind effect, L= 16 m.
Element name Single span Double span Triple span Four spans
H 0.15H +0.15H H 0.15H +0.15H H 0.15H +0.15H H 0.15H +0.15H
Upper cables 190.6 190.1 191.1 381.3 380.3 382.5 572.0 570.6 573.7 762.7 760.8 765.1
Lower cables 126.2 126.1 126.2 252.4 252.3 252.5 378.6 378.5 378.7 504.8 504.7 505.0
Struts 30.4 27.8 32.8 60.8 55.6 65.7 91.1 83.4 98.5 121.5 111.1 131.4
Short stays 140.8 140.8 140.8 141 140.9 141 140.9 140.9 140.9 141 140.9 141
Long stays 268.2 261.6 274.8 268.2 261.6 274.8 268.2 261.6 274.8 268.2 261.6 274.8
Towers 1669 1622 1717 2504 2434 2575 3339 3245 3434 4175 4057 4292
Total weight of cables 756.2 746.5 765.7 1104 1091 1116 1451 1435 1467 1798 1779 1817
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Fig. 13 Comparison between the weights of the green house
elements due to the variation of tower height (±15%), case of
with no wind effect, L= 16 m.
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Fig. 14 Comparison between the weights of the green house
elements due to the variation of tower height (±15%), case of
with wind effect, L= 16 m.
Nonlinear analysis of green house systems 347ments and the end forces of the members for some models of
the cable truss, taking into account the variation of span length
and span numbers and pylon height with several cases of load-
ing, are obtained. These comparisons illustrate a good
efﬁciency of the energy method in the nonlinear analysis of
cable truss systems such as green houses. It was found that
the results of the ﬁnite element program is less than the energy
method results by a value about 2%. Also, when the value of
the pylon height was increased, the value of the displacements
are increased by a value about 30%, while the value of the endforces are increased in the upper cables by a value about 6%
and decreased in the lower cables by a value about 11%. Also,
it was found that the effect of increase of the pylon height val-
ues on the displacements and end forces is less than the case of
reducing value of the pylon height. The choice of the span
length L= 16 m is more preferable than the others. Also, it
was found that the effect of wind pressure, in cairo zone, with
the variation of pylon heights and spans can be neglected for
any value of span length. Finally, The effect of pylon height
variation on the total weight of the cable truss can be neglected
and vanished with the increase of the number of spans.
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